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Abstract 
We propose a facile approach to synthesise ultrathin iron oxyhydroxide nanosheets for use in catalysing 
the electrochemical oxygen evolution reaction. This two dimensional material lowers the overpotential 
and provides a platform for further performance enhancement via integration of species such as nickel 
into an ultrathin nanosheet structure. 
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Facile electrochemical synthesis of ultrathin iron 
oxyhydroxide nanosheets for oxygen evolution reaction 
Jinshuo Zou, a Germanas Peleckis,b Chong-Yong Lee, *a and Gordon G. Wallace a
We propose a facile approach to synthesis of ultrathin iron 
oxyhydroxide nanosheets for use in catalysing the electrochemical 
oxygen evolution reaction. This two dimensional material lowering 
the overpotential, and provides a platform for further performance 
enhancement via integration of species such as nickel onto the 
ultrathin nanosheet structure.  
The oxygen evolution reaction (OER) is a kinetically sluggish and 
thermodynamically uphill anodic half-reaction, involving a four 
proton coupled electron transfer process to form an O-O bond.1-2 In 
water based electrolysers, improving efficiency of this process is of 
utmost importance as it can severely constrain H2 production at the 
cathode, contributing to increased operating costs.3-4 Metallic 
catalysts such as Ir,5 Ru,6 Ni,7 Co,8 and Fe,9 including metal oxides,10 
sulfides,11 hydroxides,12 phosphides,13 chalcogenides,14 have been 
widely used to catalyse the OER. The low-cost and earth-abundant 
Fe and its derivatives are attractive electrode materials for OER due 
to their excellent stability and low water oxidation overpotential.15-
16 
 The production of electrocatalysts as ultrathin nanosheet 
structures has the potential to promote OER activity. Two-
dimensional (2D) materials resulting in an enhanced surface 
area and abundance of active sites, facilitate mass transport of 
reactants and products during electrocatalysis.17-20 The 
hierarchical 2D materials also offer favourable structure for 
incorporation of a secondary metal such as Co and/or Ni to 
provide synergetic effect in promoting electrocatalytic 
performance.21-22 In search of low cost and abundant 
electrocatalysts, iron based nanosheet structure could provide 
beneficial features for water oxidation electrocatalysis.23 In 
recent years, the preparation of 2D iron based nanosheets has 
attracted significant interest. Wan and coworkers introduced 
ethylene glycol-mediated process to allow self-assembly of 
flower-like iron oxide nanosheet structures.24 Jin et al. used 
metal ion-intervened hydrothermal and annealing methods to 
prepare ultrathin iron oxide nanosheets, though the synthesis 
procedure is laborious.25 Another approach involves simple 
thermal annealing in air or mixed gas to grow iron oxide 
nanosheets.26-28 However, this method is highly sensitive to the 
pre-conditioning of iron foils and annealing conditions, affecting 
homogeneous growth of nanosheets. Therefore, an approach 
allowing a greater control of formation of ultrathin iron-based 
nanosheets with desirable electrocatalytic properties for OER is 
highly desirable. Electrochemical potentiostatic method is one 
of such strategy allowing formation of oxyhydroxide films of metals 
such as Fe, Ni and Co in aqueous alkaline solution.29-32 In 
particularly, strategy in promoting and controlling the 
formation of ultrathin iron oxyhydroxide nanosheets that would 
be beneficial for OER activity is of interest.      
Herein, we report a facile and highly reproducible method to 
prepare ultrathin iron oxyhydroxide nanosheets via cyclic 
voltammetry (CV) potential modulations on thermally pretreated 
iron foils. The size and the thickness of the iron oxyhydroxide 
nanosheets can be tuned by controlling the number of CV cycles, 
range of potentials, duration, and variation of electrolytes used. 
Ultrathin iron oxyhydroxide nanosheets with thicknesses of ~ 10 nm 
exhibited a current density of 10 mA cm-2 at an overpotential of 0.428 
V and a low Tafel plot slope of 44 mV dec-1. The large surface area of 
such ultrathin iron oxyhydroxide nanosheets also offered 
opportunities for tuning electrocatalytic performance by 
incorporation of other suitable catalyst, such as Ni. By further loading 
Ni species onto the ultrathin iron oxyhydroxide nanosheets, the 
current density was increased to 42 mA cm-2 at the same 
overpotential, indicating that iron oxyhydroxide nanosheets can act 
as an excellent 2D support for achieving synergies effect of bimetallic 
catalysis.  
        Ultrathin iron oxyhydroxide nanosheets were grown on an iron 
foil substrate (99.5 % purity) utilizing a two-step process (Fig. 1a). 
Firstly, the annealing of a pre-cleaned iron foil to form a thin mixed 
iron oxide layer (Fe-400) on the iron substrate at 400 oC, that follow 
by the growth of iron oxyhydroxide nanosheets by CV in 1.0 M KOH 
solution. Here we denote our samples as Fe-400-nC, where “400” 
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refers to heat treatment temperature in degrees Celcius, while “nC” 
refers to the number of CV cycles. 
      The surface morphologies of the ultrathin iron oxyhydroxide 
nanosheet samples, prepared under various conditions, were 
analysed using Scanning Electron Microscopy (SEM). A flat and 
smooth surface was observed for the pre-cleaned iron foil sample 
(Fig. S1a). Upon thermal annealing of a bare iron foil at 400 oC in air 
for 1h, a layer of iron oxide with a thickness of ~ 200 nm was formed 
(Fig. S1b). Fig. 2b shows the successive 9 CVs on the pre-treated 
annealed iron foil in 1 M KOH electrolyte. In alkaline solution, iron 
with oxidation states of 2+ and 3+ were reduced when exposed to 
sufficiently negative reductive potentials.29, 31 As can be seen in Fig. 
2b and Fig. S2, at reduction potentials more negative than - 1.2 V, the 
characteristic peak corresponding to the nucleation and growth of 
amorphous Fe occurred and the subsequent CVs cycling showed 
enhanced capacitive currents for both oxidative and reductive peaks. 
The SEM  image in the inset of Fig. 2b showed the Fe-400-9C 
nanosheets with an average diameter of 600 ± 200 nm and an 
average thickness of 10 ± 2 nm (Fig. S3 and Table S1). Further 
increase in the number of CV cycles from 10 to 20 cycles resulted in 
progressive decrease of peak currents (Fig. 2d). This suggests the 
reorganisation of previously grown nanosheets, and the nanosheets 
became thicker. The electrochemically active surface area (ECSA) for 
Fe-400-9C is calculated to be 19.69 m2 g-1, higher than that for Fe-
400-1C (14.66 m2 g-1) and Fe-400-20C (3.95 m2 g-1) (Figs. S4 and S5). 
Therefore, it is concluded that CV cycles could alter the number of 
active sites of the samples. 
When the negative potential was restricted to -1.0 V, no 
nanosheet growth occurred, as indicated by the CVs and SEM images 
in Fig. 2e. Therefore, sufficiently negative reductive potential is 
necessary to drive the reduction of FeOx towards the formation of 
ultrathin nanosheets. We performed another control experiment, 
where CV was performed on an iron foil not exposed to heat 
treatment and is denoted as Fe-nC. The obtained iron oxyhydroxide 
nanosheets were thicker (20 ± 2 nm) and smaller in diameter (250 ± 
50 nm) (Fig. S6) as compared to nanosheets grown on a thermally 
pre-treated iron foil substrate. The increment in the peak currents 
(Fig. 2f and Fig. S2b), which were 5 times lower than those for the 
nanosheets grown on thermally pre-treated substrate, indicated the 
essential role of underlying iron oxides in promoting the growth of 
iron oxyhydroxide nanosheets. To understand the growth 
mechanism of iron oxyhydroxide nanosheets, we examined the 
effect of KOH concentration. Fig. 2a and 2c illustrated the CVs of the 
pre-treated iron foil in 0.1 M and 10 M KOH solutions. When 
compared to the CVs obtained in 1.0 M KOH solution (Fig. 2b), a low 
KOH concentration (0.1 M) results in slower growth rate as reflected 
by a low current density. In 10 M KOH, a high hydroxide 
concentration and conductivity resulting in higher nanosheet growth 
rate. The current density reached a maximum at the 3rd cycle before 
the decay of current occured, suggesting that the iron oxyhydroxide 
Fig. 1 Schematic diagram shows a two-step approach to grow Fe-400-
nC with heat treatment followed by multiple CVs to grow nanosheets 
(a); schematic diagram of the second metal deposition process, M 
means the metallic species deposited on the nanosheets (b). 
Fig. 2 The growth of iron oxyhydroxide nanosheets under 9 CVs cycles from 0 to -1.5 V vs. Ag/AgCl on annealed iron foil performed in 0.1 M KOH 
(a), 1.0 M KOH (b) and 10.0 M KOH (c); and annealed iron foil from 10th to 20th cycle in 1.0 M KOH (d). Control experiments with CVs of annealed 
iron foil performed in 1.0 M KOH, with a narrower reductive potential up to -1.0 V (e) and  a non-annealed iron foil (f); (g) X-ray diffraction 
patterns for the Fe foil, Fe-400, Fe-400-9C, Fe-9C; (h) X-ray photoelectron spectra of O1s and Fe2p for Fe-400-9C sample. The insets in (a-f) are 
their corresponding SEM and optical images of the synthesised amorphous iron oxyhydroxide nanosheet structures at the maximum number of 
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nanosheets would quickly increase in thickness from the 4th cycle. 
After 9 CVs, the nanosheets were thicker (45 ± 5 nm) (Fig. S7). This 
phenomenon is similar to the growth of nanosheets in 1M KOH in Fig. 
2b and 2d, but the decrease starts as early as the 3rd cycle, instead of 
the 9th cycle. Therefore, it is evident that concentration of KOH plays 
a key role in controlling the surface morphologies and growth rates 
of nanosheets.   
X-ray diffraction (XRD) patterns (Fig. 2g) indicate two dominant 
peaks of α-Fe (PDF Card-04-014-0164) for all samples originating 
from the Fe foil substrate. The Fe-400 sample annealed at 400 oC has 
a clearly identified oxide layer consisting of Fe3O4 (PDF Card-04-005-
4307) and Fe2O3 (PDF Card-01-085-0599). As can be seen in Fig. 2g, 
after 9 CV cycles (Fe-400-9C) the peak intensity of Fe3O4 has been 
dramatically reduced, while peaks characterisic to α-Fe originating 
from the substrate remained unchanged. No other crystalline peaks 
could be observed, indicating that the amorphisation of iron 
oxyhydroxide nanosheets was succesfully achieved. As expected, X-
ray diffraction of a control sample, i.e. non-annealed Fe-9C, resulted 
in the observation of α-Fe diffraction peaks only. The electronic 
states at the surface of Fe-400-9C sample was further analysed by 
the X-ray photoelectron spectroscopy (XPS) as shown in Fig. 2h. 
Peaks at 711 eV and 725 eV are associated with Fe2p1/2 and Fe2p1/2.33 
Three peaks for O1s spectrum were clearly identified: O2- (529.836 
eV), OH- (531.194 eV), and water (533.008 eV) suggesting the 
presence of oxides, hydroxides, and moisture on the surface of the 
nanosheets. All the above characterisation results were in an 
agreement with literature data for iron oxyhydroxide. 30, 34-35 
        The electrocatalytic OER performance of iron foil, Fe-400, Fe-nC, 
and Fe-400-nC samples were examined in 1.0 M KOH (Fig. 3a). All the 
experiments were recorded in a standard three-electrode setup as 
described in detail in the ESI. All the potentials were converted to the 
reversible hydrogen electrode (RHE) scale. The onset potential of 
bare Fe foil was 1.65 V. The iron oxyhydroxide nanosheets, fabricated 
by thermal treatment followed by CVs, showed lower onset 
potential. Among the Fe-400-nC samples, Fe-400-9C exhibits the 
lowest onset potential of 1.61V vs.RHE (inset in Fig. 3a). Increasing 
the number of cycles during CVs to 9 improved the OER activity. 
However, a further increase in the number of cycles (e.g. 10 and 20 
cycles) resulted in a decreased OER activity, which is in a good 
agreement with the drop of the number of active sites as indicated 
by ECSA analysis (Figures S4 and S5). Comparatively, although Fe-9C 
(without thermal annealing step) posseses nanosheet structure, it 
showed a similar onset potential as compared to that for the bare Fe 
foil. This indicated that the smaller and thicker nanosheets formed 
on the surface of Fe-9C were not as active as the thin and large 
nanosheets formed in Fe-400-9C. This can be attributed to the 2D 
ultrathin nanosheets having 1) a large number of active sites (ECSA: 
19.69 m2 g-1) for OER resulting from the higher specific surface area 
and 2) promoting faster mass transfer and electron transport, which 
is consistent with the thickness-dependent properties of 2D 
materials.36 It is noticeable that the Fe-400 exhibited significantly 
lower OER performance. Such a low OER activity can be explained by 
the semiconducting nature of the crystalline Fe3O4 & Fe2O3 layer 
formed and the low ECSA (2.06 m2 g-1). 
        The OER kinetics of the samples were further assesed by the 
Tafel plots. Ultrathin iron oxyhydroxide nanosheet layer had a much 
lower slope than the crystalline iron oxide and foil (Fig. 3b). The slope 
for Fe-400-9C was 44 mV dec-1, being the lowest among the four 
samples measured. The Fe-400 had a relatively large slope (65 mV 
dec-1) as compared to that for Fe foil. It should be noted that the Tafel 
slope of 114 mV dec-1 for Fe-400 was much higher, consistent with 
the OER performance ilustrated in Fig. 3a. The stability of the 
obtained ultrathin iron oxyhydroxide in 1.0 M KOH solution (Fig. S8 
and the inset in Fig. 4) was also examined. At an overpotential of 
0.428 V, the current density of the initial ~ 10 mA cm-1 was relatively 
stable with 80% of the initial current retained after 10 h. Comparision 
of the OER performance with other non-nanosheets iron 
oxyhydroxide structures  is shown in Table S2, where ultrathin iron 
Fig. 3  Electrochemical OER performances of various samples. (a) 
Linear sweep voltametries(LSVs) of Fe foil, Fe-400, Fe-400-9C, and Fe-
9C. The inset shows the LSV of Fe-400-n(n = 1, 5, 7, 9, 10, 20)C 
samples; (b) Tafel plots of OER catalyzed by Fe foil, Fe-400, Fe-400-9C, 
and Fe-9C samples. All the measurements were performed at 5 mV s-




Fig. 4  The comparison of LSVs between Fe-400-9C and Ni-Fe-400-
9C. The inset is the chronoamperometric test of Fe-400-9C with a 
fixed overpotential of 0.428 V. For LSVs, all the measurements 
were conducted at a scan rate of 5 mV s-1 in 1.0 M of KOH aqueous 
solution without IR compensation. 
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oxyhydroxide nanosheets in this work exhibiting a lower 
overpotential. 
The ultrathin  iron oxyhydroxide nanosheets with large surface 
area and excellent stability offer great potential for tuning 
electrocatalytic performance, by incorporation of a secondary 
metallic catalyst (Fig. 1b). Ni was deposited onto the amorphous 
nanosheets by electrodeposition from a solution containing 0.01 M 
NiSO4 and 0.2 M sodium citrate at -1.0 V vs. Ag/AgCl. Ni can be 
uniformly loaded onto the nanosheets in this weakly alkaline 
electrolyte (Figs. S9 and S10). The Fe-400-9C sample with the Ni 
loading time of 5 min showed the best performace as compared to 
samples with loading times of 1 min or 10 min (Fig. S11). The 5 min 
electrodeposition estimated from accumulated charge resulting in Ni 
loading of  ~ 0.7 µmol cm-2. The presence of Ni lowered the onset 
potential to 1.52 V vs. RHE (Fig. 4) corresponding to overpotential of 
0.274 V. In comparison to Fe-400-9C sample, a Ni-Fe-400-9C sample 
exhibited a much higher current density (42 mA cm-2) at the 
overpotential of 0.428 V. It shows enhanced performance than Ni-Fe 
and Ni-Fe-9C (Fig. S12), further demonstrated the beneficial feature 
of an ultrathin iron oxyhydroxide nanosheet structure.  
     In summary, facile preparation of ultrathin iron oxyhydroxide 
nanosheets is achieved by cycling the potential using a thermally 
annealed iron foil electrode. Optimization of various conditions such 
as thermal annealing, hydroxide concentration, and negative 
potential limits is necessary for successful growth of the ultrathin 
nanosheets. The resulting ultrathin 2D structures exhibited an 
abundancy of active sites and lowered the OER overpotentials. 
Furthermore, Ni loaded iron oxyhydroxide nanosheets showed even 
lower onset potential and higher current density, suggesting that the 
incorporation of secondary active species into the 2D structure is a 
feasible strategy for designing electrocatalysts with enhanced 
performance.  
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